Electroweak Stability and Discovery Luminosities for New Physics by Cankocak, Kerem et al.
Electroweak Stability and Discovery Luminosities for New Physics
Kerem Cankoc¸aka, Durmus¸ Demirb, Canan Karahana, and Sercan S¸enc
aPhysics Engineering Department, I˙stanbul Technical
University, 34469 Maslak, I˙stanbul, Turkey
bFaculty of Engineering and Natural Sciences,
Sabancı University, 34956 Tuzla, I˙stanbul, Turkey and
c Physics Engineering Department, Hacettepe University, 06800 Beytepe, Ankara, Turkey
(Dated: March 3, 2020)
Abstract
What is the luminosity needed for discovering new physics if the electroweak scale is to remain
stable? In this work we study this question, with the example of a real singlet scalar which couples
to the Higgs field already at the renormalizable level. Observing that the electroweak scale remains
stable if the two scalars couple in a seesawic fashion, we show that the HL-LHC, expected to deliver
an integrated luminosity around 3 ab−1, can discover scalars weighing up to 800 GeV. The FCC-hh,
on the other hand, can discover scalars as heavy as 2.3 TeV at 100 ab−1 luminosity. It thus follows
that the new physics that does not destabilize the electroweak scale can be accessed only at high
luminosities, and is not possible exclude by the current LHC results.
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I. INTRODUCTION
The standard model of elementary particles (SM), experimentally completed by the dis-
covery of the Higgs boson at the ATLAS and CMS [1], has shown excellent agreement with
all the available data so far [2]. The TeV domain seems to be devoid of any new particles
beyond the SM spectrum [3]. There are, however, astrophysical (dark matter, dark photon),
cosmological (dark energy, inflation) and structural (neutrino masses, flavor, unification · · · )
phenomena which require the SM to be extended. Each extension comes with its own scale
and mechanisms, and tends to pull up the SM towards its own scale. In fact, if Λ is a UV
cutoff lying above all the aforementioned extensions then loops of matter lead to the masses
δm2γ,g = cγ,gΛ
2 (1)
for the photon γ and gluon g, and
δm2h = chΛ
2 +
∑
ψ′
cψ′λhψ′m
2
ψ′ log
m2ψ′
Λ2
(2)
for the Higgs boson h [4] such that ci and c
′
i are O(10−2) loop factors, and λhψ′ is a coupling
between the Higgs boson h and the non-SM field ψ′.
In the gauge sector, the correction (1) completely destructs the SM by breaking the
color and the electric charge [6, 7]. The destruction can be prevented only if the quadratic
corrections cgΛ
2 and cγΛ
2 are eradicated.
In the Higgs sector, with similar corrections for W and Z masses, even if chΛ
2 is alleviated
along with the gluon and photon masses, the logarithmic part remains to destabilize the SM
with its quadratic sensitivity to mψ′ [4].
If Λ does not correspond to a physical scale then the quadratic ciΛ
2 terms in (1) and
(2) can all be ignored but the logarithmic part of (2) remains as a physical contribution.
The simplest way to see this is to switch from cutoff to dimensional regularization (it is
a regularization because Λ is unphysical) to dimensional regularization in which color and
charge conservation is automatic [5].
In reality Λ is physical. The reason is that gravity exists and need be incorporated into
the SM. Indeed, incorporation of gravity into the SM rests on a Poincare-breaking scale (as
a feature of curved geometry) and such a scale does necessarily form a momentum cutoff
(as it breaks Poincare symmetry) [8]. This means that gravity requires a physical UV cutoff
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Λ to be implemented in the flat spacetime theory (the SM), and this cutoff renders the
QFT effective with corrections like (1) and (2). To this end, the mechanism of [9] (see also
[8] and [6]), the so-called symmergence, incorporates gravity into the SM such that (i) it
predicts a BSM sector (containing the ψ′ fields in (2)), (ii) it restores color and electric
charge by curving away (1), (iii) it converts chΛ
2 into Higgs-curvature coupling, (iv) it
predicts Einstein gravity, and it results in dimensionally-regularized SM+BSM in curved
spacetime. It accomplishes all this by establishing an equivalence relation between Λ2 and
affine curvature (as an extension of the usual equivalence relation between the flat and the
curved metrics). What is left untouched by symmergence is the logarithmic part of (2). It
remains as a physical contribution to Higgs boson mass. This might give the impression that
symmergence makes no real progress in electroweak stability. No, actually it makes a crucial
progress. It makes progress because workings of the symmergence does not necessitate any
SM-BSM coupling. It is free and, in view of perturbativity, it can be much smaller than
the SM couplings. To see the progress, it suffices to contrast to situation in supersymmetry,
extra dimensions and compositeness [10]
λψψ′ ' λSM =⇒ mψ′ ' mh =⇒ BSM can′t be heavy (3)
with the situation in symmergence
λψψ′  λSM =⇒ mψ′  mh =⇒ BSM can be heavy (4)
from which it follows that the LHC can exclude sparticles (the BSM of supersymmetry),
Kaluza-Klein levels (the BSM of extra dimensions) and technifermions (the BSM of com-
positeness) but not the BSM of the symmergence. In fact, SM-BSM couplings of the size
λhψ′ .
m2H
m2ψ′
(5)
allow the Higgs mass correction in (2) to remain within the bounds, and symmergence allows
this bound while the others can’t. This coupling scheme, which implies that heavier the BSM
smaller its couplings to the SM, gives way to a novel approach to collider and other searches
for the BSM physics. It is true that the seesawic relation (5) is imposed empirically but it is
a natural requirement since λhψ′ renormalizes multiplicatively and maintains its size. In this
sense, the relationship in (5) can be viewed as a natural “electroweak stability” criterion.
In the present work, our goal is to analyze collider (LHC and FCC, in particular) searches
for BSM sectors coupling to the SM as in (5). For definiteness and simplicity, we focus on
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a BSM sector made up only of a single real SM-singlet scalar S, which couples to the Higgs
field at the renormalizable level with a coupling like (5). We then raise the question:
What energy and luminosity does it take to discover of a singlet
scalar S of mass mS if the electroweak scale is to remain stable? (6)
and investigate it in detail by first modeling (Sec. II) then computing one-loop corrections
like (2) (Sec. III), and finally performing a collider study at the LHC and FCC energies (Sec.
IV). Our analysis is expected to put an electroweak stability bound on different discovery
limits at colliders. In Sec. V we conclude.
II. THE MODEL
In view of the question (6), the most general, renormalizable, symmetric Lagrangian
density extending the SM with a real singlet scalar field S is given by [11]
LHS = (DµH)†DµH + 1
2
∂µS∂
µS − VHS, (7)
where
VHS = m
2
HH
†H + λH(H†H)2 +
m2S
2
S2 +
λS
4
S4 +
λHS
2
H†HS2 (8)
is the potential, and H is the usual SM Higgs doublet
H =
1√
2
 φ1 + iφ2
υH + h+ iφ0
 . (9)
with the Higgs boson h remaining as a CP-even scalar after the Goldstone bosons φi are
swallowed as longitudinal components of the W and Z bosons. Indeed, for λH > 0 and
λS > 0, the potential gets bounded from below and the minimum of the potential breaks
the electroweak symmetry spontaneously via the Higgs vacuum expectation value (VEV)
υH 6= 0. If the scalar S is not inert (see for instance [12]), that is, if it gets a VEV υS 6= 0
then the minimum of the potential (8) occurs at
υ2H =
4λSm
2
H − 2λHSm2S
λ2HS − 4λHλS
, υ2S =
4λHm
2
S − 2λHSm2H
λ2HS − 4λHλS
. (10)
with the singlet boson s defined as S = υS + s in parallel to (9).
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In the vicinity of the vacuum (10), the mass-squared matrix of the h and s bosons
M2 =
 2λHυ2H 12λHSυHυS
1
2
λHSυHυS 2λSυ
2
S
 (11)
assume two eigenvalues
m2h1 = λHυ
2
H + λSυ
2
S −
√
(λSυ2S − λHυ2H)2 +
1
4
λ2HSυ
2
Sυ
2
H,
m2h2 = λHυ
2
H + λSυ
2
S +
√
(λSυ2S − λHυ2H)2 +
1
4
λ2HSυ
2
Sυ
2
H (12)
corresponding to the two physical eigenstates h1 (which should be identified with the scalar
boson observed at the LHC [1]) and h2 (the extra scalar boson under search at the LHC
and to be searched for at future colliders like the FCC). The key parameter is their mixing
angle
tan 2θ =
λHS υS υH
λSυ2S − λHυ2H
(13)
which is proportional to λHS – the strength of the SM-BSM coupling.
III. ONE-LOOP CORRECTIONS AND MODEL SPACE
In this section, we give a detailed analysis of the logarithmic corrections mentioned in
(2). The Feynman diagrams which contributes the logarithmic corrections are depicted in
Fig.1. Leaving aside the quadratic corrections chΛ
2 in view of the symmergence mechanism
mentioned in the Introduction, we keep only the logarithmic corrections (Λ mh2  mh1)
(δm2h1)log =
1
8pi2
(
(6λh1h1h1h1 + 3λh1h1φφ)m
2
h1
+ (9λ2h1h1h1 + 3λ
2
h1φφ
)
)
log
(
m2h1
Λ2
)
+
1
16pi2
(
2λh1h1h2h2m
2
h2
+ 2λ2h1h2h2 + λ
2
h1h1h2
)
log
(
m2h2
Λ2
)
(14)
where the various couplings (like the quartic coupling λhihjhkhl) are listed explicitly in the
Appendix as functions of λH , λS, λHS and the mixing angle θ.
The h1 mass receives non-trivial corrections from the h2 loops. This feature, explicated
in (14), requires λHS to be bounded appropriately. The vacuum stability already gives a
bound
λ2HS ≤ 16λHλS (15)
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FIG. 1. The one-loop diagrams leading to the m2h1 corrections in (2).
which means that |λHS| is typically at the 30% level depending on precise values of λH and
λS. We will consider different parameter ranges during the analysis.
The bound above is however not sufficient to ensure electroweak stability. The reason is
that h2 can be too heavy to keep h1 mass within the LHC bound. To this end, one comes
back to the see-sawic bound in (5). In what follows thus we require thus λHS to have the
value
λHS =
m2H
m2S
(16)
after expressing
m2H =
1
4υ2H
(
2λSυ
4
S − 4λHυ4H − υ4S +
√
8λHυ4Hυ
4
S + υ
8
S − 4λSυ8S + 4λ2Sυ8S
)
m2S =
1
4
(
−(1 + 2λS)υ2S +
√
8λHυ4H + υ
4
S − 4λSυ4S + 4λ2Sυ4S
)
(17)
as functions of the H and S VEVs. Trading two model parameters for the VEVs in this
form leads us to the physical shell set by the VEVs. In fact, we hereon specialize to the
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LHC values
λHS = 0.13 , υH = 246.2 GeV (18)
and analyze the model in terms of the remaining two free parameters: the S quartic coupling
λS and the S VEV υS.
The allowed ranges of the model parameters can be determined numerically. In doing so
we consider υS values as large as 20 TeV in view of the sensitivity of the exotica searches
at the LHC [3]. To this end, we plot in Fig. 2 variation of λHS with υS in the small λS
regime of 0.01 ≤ λS ≤ 0.1. It is seen that λHS, which decreases with m2S due to its see-sawic
structure in (16), in magnitude, remains below λS at least by two orders of magnitude.
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FIG. 2. Variation of λHS with υS (TeV) and λS for 0.01 ≤ λS ≤ 0.1.
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Shown in Fig. 3 is the variation of λHS with υS in the large λS regime of 0.1 ≤ λS ≤ 0.5.
It is clear that λHS, in magnitude, remains below λS at least by two orders of magnitude.
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FIG. 3. Variation of λHS with υS (TeV) and λS for 0.1 ≤ λS ≤ 0.5.
For larger λS, from 0.5 to 0.9, we find that λHS takes unacceptably large values (a
thousand), we do not consider therefore λS values above 0.5. In fact, hereon we set λS = 0.1
as a nominal value revealing the physics implications of the heavy scalar.
To see the difference between setting λHS to a fixed (albeit small) value as in most
phenomenological analyses [12] and requiring λHS to obey the see-sawic bound in (16) we
plot in Fig.(4) δm2h1 in TeV as a function of vS. It is clear that the see-sawic structure
provides us with a rather stable electroweak scale.
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FIG. 4. Corrections to the Higgs mass as a function of υS for λHS = −0.01 (red), λHS = 0.01
(blue) and λHS = m
2
H/m
2
S (green)
To see further how λHS varies with υS we list in Table I λHS values as υS ranges from 2
TeV to 20 TeV. In agreement with Figs. 2 and 3, λHS remains negative throughout and well
satisfies the vacuum stability bound (15). It is clear that larger the mS of scalar field, the
weaker its interaction with Higgs. This decrease could explain why we have not observed
any fingerprint of BSM physics (the scalar S here) at LHC experiments.
IV. COLLIDER PHENOMENOLOGY
Now, we come to the question of investigation (6). The production cross section of real
singlet scalar depends on its mass and its coupling to the SM Higgs field. In view of the
see-sawic coupling (16) the production cross section is directly set by mh2 (or vS). It sets
also branching fractions of h2 decays.
For analysis purposes, we have modified the SM package in LanHEP-3.2.0 [15] by includ-
ing the real singlet S, and exported the extended model to CalcHEP-3.7.5 [14]. The parton
distribution functions are evaluated by using LHAPDF6 [16], and simulations are performed
with cteq6l1 PDF set [17].
As revealed by Fig.(5), the most dominant decay channels of singlet scalar are h2 → WW
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TABLE I. The changes in the parameter λHS as υS (mh2) increases.
υS (GeV) mh2 (GeV) λHS
2000 894.428 −4.9× 10−3
3000 1341.64 −2.2× 10−3
4000 1788.85 −1.2× 10−3
5000 2236.07 −8.0× 10−4
6000 2683.28 −5.5× 10−4
7000 3130.5 −4.0× 10−4
8000 3577.71 −3.0× 10−4
9000 4024.92 −2.4× 10−4
10000 4472.14 −2.0× 10−4
15000 6708.2 −8.7× 10−5
20000 8944.27 −4.9× 10−5
(49%), h2 → h1h1 (25%) and h2 → ZZ (24%), and they are almost independent of mh2 .
This constancy of the branching fractions proves useful for putting discovery limits (as in
simplified models [18].
In Fig.6, h2 production cross sections as a function of the h2 mass are shown for the LHC
with a center-of-mass energy of 13 TeV (solid lines) and for the FCC with a center-of-mass
energy of 100 TeV (dashed lines). In both cases, gluon-gluon fusion dominates the cross
section, as expected. In the figure, the gray lines indicate the cross sections that would
produce 10 events assuming integrated luminosities of 150 fb−1 (LHC), 3 ab−1 (HC-LHC),
and 100 ab−1 (FCC)[19–21]. With ∼ 150 fb−1, the total integrated luminosity recorded at 13
TeV during Run 2, the LHC does not seem to be able to produce a sufficient amount of h2’s
above ∼ 1 TeV. The amount of data that experiments can collect during high luminosity
LHC (HL-LHC), 3 ab−1, may not reveal any h2 signature in multi-TeV region. Here it
should be noted that proton-proton collisions at the HL-LHC will actually occur at 14 TeV,
however, the conclusion remains the same.
The prospects are more promising for a 100 TeV proton-proton collider, for example
the FCC-hh. h2 events can already be produced with 3 ab
−1 data to be collected at the
FCC-hh, and moreover, with an integrated luminosity of 100 ab−1, more than 10 h2 events
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FIG. 5. Branchings of the heavy scalar h2 into various SM particles. The decay rates remain
constant essentially or decrease with mh2 due to the see-sawic coupling in (5).
are produced in gluon-gluon fusion for h2 masses up to 2.3 TeV. A larger amount of integrated
luminosity extends the reach into the higher multi-TeV regions. The gluon fusion channel
is highly effective for discovering h2 scalars as heavy as about 2.3 TeV. Certain other h2
production mechanisms, such as qq → qqh2 and qq → qth2, are also capable of producing h2
events with mh2 > 1 TeV.
In Table II, upper limits on the h2 scalar mass are given in various production channels for
center-of-mass energies of 13 and 100 TeV with total integrated luminosities 3 and 100 ab−1.
According to the table, it may be possible to produce h2 events with mh2 < 1 TeV at the
HL-LHC, however, an h2 scalar in a multi-TeV region can only be produced at FCC-hh
energies, at
√
s = 100 TeV.
At this point one may ask: Has the seesawic coupling in (5) really stabilized the elec-
troweak scale? If yes, to what extend has it been possible? This is exemplified in Fig.7,
which ensures that h1 boson remains nearly the SM Higgs boson for a wide range of h2
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FIG. 6. Production cross sections for h2 as a function of its mass. The horizontal lines at the top
show the requisite cross section reach.
masses at both
√
s = 13 and 100 TeV.
V. CONCLUSION
In this work we have studied impact of the electroweak stability on the collider discovery
of the BSM physics, with the example of a single SM-singlet scalar. Our general discussion
in the Introduction and more specific analysis in Sec. III have revealed that bounding
the SM-BSM coupling λSM as in (16), admissible only for symmergence, has important
implications for new particle searches. It tells us that there can exist heavy particles like
h2 and they can directly couple to the SM Higgs boson but they do not destabilize the
electroweak scale thanks to see-sawic structure in (16). This empirical structure has a room
only in symmergence.
Our phenomenological analysis in Sec. III and simulations in Sec. IV show that elec-
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TABLE II. Upper limits on the h2 scalar mass given in various production channels for
√
s = 13
and 100 TeV with total integrated luminosities 3 and 100 ab−1.
Process
√
s (TeV) Integrated luminosity (ab−1) mh2 (GeV) Number of events ≥ 10
gg → h2 13 3 ≤ 805 √
qq →Wh2 13 3 ≤ 447 √
qq → qqh2 13 3 ≤ 715 √
qb→ qth2 13 3 ≤ 447 √
gg → h2 100 100 ≤ 2325 √
qq →Wh2 100 100 ≤ 894 √
qq → qqh2 100 100 ≤ 2057 √
qb→ qth2 100 100 ≤ 1520 √
troweak stability (Higgs mass stability) puts stringent limits on the luminosity budget to
discover the BSM physics. Indeed, as shown by Fig.6, the center-of-mass energy of the pp
collisions and integrated luminosity (∼ 150 fb−1) by the experiments, are not sufficient to
observe a BSM signal with a mass of above ∼ 1 TeV at the LHC. On the other hand, higher
energies and increased luminosities at the HL-LHC (14 TeV, Lint = 3 ab−1) and at the FCC-
hh (100 TeV, Lint = 100 ab−1), are promising for discovering such symmergence-favored
BSM particles. The latter allows a discovery in the multi-TeV mass region.
It must be emphasized that the limits we report here are optimistic in that we did not
perform a background analysis. It is after eliminating the background that discovery limits
can be more realistic. We nevertheless expect that discovery limits for 10 events give a
satisfactory account of the collider discovery limits. (We will give complete background
analysis that in our follow-up work [22]). It must also be emphasized that the scalar field
we studied is not linked to dark matter. It would be a dark matter candidate if its VEV
vanishes and if it possesses correct relic density. In that case bounds on the model parameter
space would increase, and its phenomenology would be affected accordingly.
VI. APPENDIX
The vertex factors in (14) have the following expressions:
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FIG. 7. The BSM to SM ratio of h1 pair production cross sections as a function of mh2 is given
for
√
s = 13 TeV (dashed line) and
√
s = 100 TeV (solid line).
λh1h1h1h1 =
λH
4
cos4 θ +
λS
4
sin4 θ +
λHS
16
sin2 2θ
λh1h1φφ = λh1h1φ0φ0 = λh1h1φ1φ1 = λh1h1φ2φ2 =
λH
2
cos2 θ +
λHS
4
sin2 θ
λh1h1h2h2 =
3
8
(λH + λS) sin
2 2θ +
λHS
4
(
cos4 θ + sin4 θ − sin2 2θ)
λh1h1h1 = λHυH cos
3 θ − λSυS sin3 θ − λHS
4
(cos θυS − sin θυH) sin 2θ
λh1φφ = λh1φ0φ0 = λh1φ1φ1 = λh1φ2φ2 = λHυH cos θ −
λHS
2
υS sin θ
λh1h2h2 =
3
2
(λHυH sin θ − λSυS cos θ) sin 2θ + λHS
2
((
cos θ sin 2θ − sin3 θ) υS + (cos3 θ − sin θ sin 2θ) υH)
λh1h1h2 =
3
2
(λHυH cos θ + λSυS sin θ) sin 2θ +
λHS
2
((
cos3 θ − sin θ sin 2θ) υS + (sin3 θ − cos θ sin 2θ) υH)
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